the recently developed transformation system for C. boidinii, ADK activity was enhanced about 5,000-10,000-fold in C. boidinii cells. The obtained 3-copy multiple integrant strain CT100 cells, were shown to have higher ATP productivity than the control strain, not only for ATP productivity per cells but for productivity of high catalytic cells. Thus, the ATP productivity was improved by the introduction and expression of heterologous adenylate kinase gene in C. boidinii.
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Introduction. ATP plays a central role in the energy metabolism as a carrier of chemical energy from catabolic reactions to anabolic reactions in vivo. It is also an important chemical in biochemical research and medicine, and recently, it has attracted much attention as an energy donor in bioreactors for the production of useful metabolites. Development of a microbiological process is most desirable for a large-scale production of ATP. Previously, we found that cells of a methanol-utilizing yeast, Candida boidinii No. 2201, had a high catalytic activity for ATP production. 1) The ATP production reaction is based on a methanol-oxidation pathway unique to the methylotrophic yeast, which is coupled with the oxidative phosphorylation in the mitochondoria and the salvage synthesis of adenine nucleotide (Fig. 1) . If the ATP production with C. boidinii could be coupled with the gene expression of an enzyme which requires ATP for the reaction it catalyzes, a new one cell bioconversion system will be possible. Recently, we have developed a genetic engineering system for a putative haploidal strain of C. boidinii. As the reaction catalyzed by adenylate kinase (ADK) of the salvage synthesis had been the rate-limiting step for ATP production, the heterologous S. cerevisiae ADK protein2~ was overproduced in this organism under the regulation of alcohol oxidase promoter (AODI boidinii became necessary, C. boidinii strain TK62 (ura3) was used as the host strain. C. boidinii TK62 was originally derived from C. boidinii S2 in previous studies.5~ The YE-medium consisted of 2% (v/v) methanol, 0.4 g NH4Cl, 0.1 g K2HPO4, 0.05 g MgSO4.7H2O and 0.2 g yeast extract in 100 ml of tap water, pH 6.0. The synthetic YM-medium was MI medium6~ with 1.5% (v/v) methanol concentration. ATP production reaction. Sorbitol-treated C. boidinii cells used in the ATP production reaction were prepared as follows. Cells were grown on YM-or YE-medium. Washed yeast cells were incubated for 45 min at 37°C. Sorbitol was added to the suspension to a final concentration of 1.5 M. The cells were incubated further for 10 min at 37°C resulting in the sorbitol-treated cells. AMP was used as the initial substrate in the reaction mixture when ATP productivity was compared between the different cells. The reaction mixture contained 200 ,umol potassium phosphate, pH 6.5, 20 umol AMP (Fig. 2) or 80 umol AMP (Table I) or 50 umol AMP (Table II) , 10 umol NAD+,10 umol reduced glutathione,1 mmol methanol, 600 umol sorbitol and 20 mg as dry cell weight of sorbitol-treated cells in a total volume of 1.0 ml. The quantitative determination of nucleotide compounds was performed on HPLC analysis as described previously.4~ Enzyme assays. ADK activity was assayed by the method of Tomasselli et al.7~ ATPase and formate dehydrogenase were assayed by following the method of Tani and Yonehara.8 Protein was determined by the method of Bradford.9~
Results and discussion. Enzymatic analysis of the ATP production system in C. boidinii No. 2201. When C. boidinii No. 2201 was grown on YE-medium, high ATP productivity was observed in the cells from early-logarithmic phase (ca. 24-h cultured cells). However, ATP productivity of the cells gradually decreased with cultivation time (Table I) . Thus, obtaining highly catalytic cells had been a problem in the ATP production system with C. boidinii cells. To clarify the enzymatic basis for the low productivity of the cells at late-logarithmic phase, activities of the enzymes involved in the essential reactions of the ATP-producing system were compared among the cells of various cultivation times. As shown in Table I , decrease in the activities of adenylate kinase and ATPase with the increase of cultivation time was observed. And marked decrease of ADP in the reaction mixture suggested that the fall decline of adenylate kinase activity could be the reason for the decrease of ATP productivity. On the other hand, the reduction of NAD+ and the consumption of methanol increased with the prolonged cultivation time. This observation suggested that the formation of NADH is not a limiting step in the ATP-producing system. The ratio of the phosphorylation reaction against the oxygen consumption (P/0 ratio) in the ATP-producing system was calculated as described by Tani et al.l0~ The values were 0.41 and 0.77 for 27-h and 72-h cultured cells, respectively, suggesting that the activity of oxidative phosphorylation is highly active in low catalytic cells. These results showed that the conversion of AMP to ATP catalyzed by ADK could be the rate-limiting step for ATP production in C. boidinii cells. Development of genetic engineering with C. boidinii and enhancement of ADK activity. When we started on the studies of ATP production, genetic engineering was impossible with C. boidinii. At first we failed in the development of a transformation system for C. boidinii because we were unable to derive (obtain) specific auxotrophic mutant strains from C. boidinii No. 2201. Next, we changed the parent strain to C. boidinii S2 (alcohol oxidase producer)5~ and succeeded in the derivation of a uracilauxotrophic mutant strain, C. boidinii strain TK62 (ura3). Recent studies showed that C. boidinii TK62 is in a haploid state while C. boidinii No. 2201 is an aneuploid. The C. boidinii URA3 gene was cloned and we established an integrative transformation system for C. boidinii. 11) To obtain a strong promoter sequence which was functional in C. boidinii, the C. boidinii alcohol oxidase gene (AOD1) and its 5'-and 3'-flanking sequences were cloned. Following these studies, the S. cerevisiae ADK1 gene was chosen as the first foreign gene for expression in C. boidinii under the C. boidinii AOD1 promoter 1) to seek whether the enhancement in ADK activity would increase ATP production in C. boidinii cells and 2) to confirm heterologous gene expression in C. boidinii. C. boidinii multiple integrant cells (strain CT100) which harbored 3-copies of the expression casette on chromosomal ura3 locus produced a large amount of ADK in an active and soluble form, which amounted to 28% of the total soluble protein. The gene convertant strain GC was used as the control strain in the following experiments.
ATP production with C. boidinii integrative multi-copy transformant CT100 cells. If the ADK activity is indeed the rate-limiting step also in C. boidinii TK62, multiple integrant strain CT100 was consumed to have higher ATP productivity than the control strain GC. Concurrently, the ADK activity of methanol-grown control strain GC was very low (0.005 U/mg protein). Fig. 2 shows the changes in the amount of nucleotide compounds during ATP production reaction. The control strain GC was low in ADP and ATP Table I productivities.
In contrast, cells of multiple integrant strain CT100 phosphorylated AMP to ADP efficiently, reflecting the high activity of ADK in the cells. Consequently, strain CT100 cells had very high ATP productivity. The IMP production was observed with strain CT 100 as well as the control strain. Furthermore, strain CT 100 had the highest ATP productivity with 48-h cultured cells, where ca. 8.6-fold amount of cells were obtained from the culture broth than the 24-h culture broth. As a result, the ATP productivity per culture broth was increased by 17.2-fold in the strain CT100 when compared with the control strain GC (Table II) .
In conclusion, the genetic engineering system with C. boidinii enhanced both the catalytic activity (ATP productivity per cell) and the cell yield in the ATP production. As a heterologous gene expression in C. boidinii under the AOD1 promoter is efficient, this system may be used for enzyme overproduction from heterologous organisms. When the expressed enzyme catalyzes an ATP-requiring reaction, bioconversion can be performed without the feeding of exogenous ATP into the reaction mixture. Construction of such a novel bioconversion system is now under investigation.
